Hadron colliders have played a pivotal role in establishing the electroweak sector of the standard model at high precision. Highlights were the discovery of the W and Z bosons in 1983, the discovery of the top quark in 1995 and the high precision measurements of the mass of the W boson and the top quark. The Higgs boson is the final missing piece in the theory of electroweak interactions. In this article the discoveries and precision measurements of the W boson and top quark are reviewed, and the status of searches for the Higgs boson at hadron colliders is presented.
Introduction
There have been two hadron colliders, the Sp " p pS and the Tevatron, that were pivotal to establishing and to testing the electroweak sector of the standard model. In 1982 the proton-antiproton collider Sp " p pS started operation at the European Center of Nuclear Physics (CERN) in Geneva/ Switzerland. It was the first collider ever built where antiprotons were accelerated and collided. The proton and antiproton beams were collided at two experiments, called UA1 and UA2, with a center of mass energy of ffiffi s p ¼ 540 GeV initially and 630 GeV later. In 1985 first collisions took place at the Tevatron proton-antiproton collider in the United States near Chicago. Here the beam energy was 900 GeV, yielding a center-of-mass energy of 1.8 TeV. However, at that time the luminosity was much smaller than at the Sp " p pS, and it was only in 1989 that the Tevatron physicists had sufficient data to surpass the measurements by the UA1 and UA2 collaborations. At the Tevatron there are two experiments, called CDF and D0. About 100 pb À1 of integrated luminosity was collected between 1989 and 1996 in so-called Run I. Then both the accelerator and the experiments were upgraded, the energy was increased to 1.96 TeV, and about 1. The electroweak force is mediated by the gauge bosons, namely the W AE and the Z boson.
1) The electroweak symmetry is broken via a Higgs field that has a vacuum expectation value of 246 GeV. This mechanism of electroweak symmetry breaking causes the W AE and the Z boson to be massive, and also the fermions, e.g., the electron or the top quark. The stronger any particle interacts with the Higgs boson the more massive it is. Within the standard model there are precise predictions for the relationships between, e.g., the mass of the W AE and Z bosons, the Higgs boson, and the top quark, and the couplings of the gauge and Higgs bosons to any fermions and bosons. Thus measuring any of the masses or couplings of these particles is critical to further constrain and test the electroweak theory, and has been a major focus of hadron collider experiments.
In the following firstly hadron colliders are introduced and the experimental challenges are described. Then the discovery and the precision measurements of the W AE and Z boson quantities are highlighted. A review of the discovery and precision measurements of the top quark is presented. Finally the current knowledge of the Higgs boson is reviewed and perspectives for a discovery are given.
The Challenge of a Hadron Collider
Analyzing data at a hadron collider is significantly more challenging than at a lepton collider. The reason is that hadrons are not point like fundamental objects, but rather they are composed of quarks and gluons. A schematic diagram of a proton-antiproton collision is shown in Fig. 1 for W AE production. This causes several experimental challenges: . The composition of a hadron is known on average but unknown for any given interaction. Thus even though the p " p p center-of-mass energy is well known the actual energy of the collision is not. The outgoing noninteracting partons are not measured in the detectors as they travel along their original direction and thus escape through the beam pipe. Therefore energy conservation which is a powerful constraint at lepton colliders can not be exploited at hadron colliders. However, since the outgoing partons carry negligible transverse momentum the constraint that is used at hadron colliders is the conservation of the momentum in the transverse plane. . When one of the partons in the hadron undergoes a hard interaction the hadron looses its color neutralness, and
The systems X indicate the particles due to the proton remnant that are produced in p " p p collision in addition to the hard scattering process.
the remaining partons interact strongly with each other or the partons from the other hadron. These rather soft interactions cause energy spray into the detectors that is unrelated to the hard scattering process and must be accounted for experimentally. . Quarks and gluons are much more likely to interact strongly than electromagnetically or weakly. In particular at low energy the coupling constant of the strong interaction, s , is much larger than the electromagnetic coupling constant, em , or the weak constant. E.g., at M Z ¼ 91 GeV s % 0:118 and thus more that 10 times higher than em % 1=128. Therefore there is a large background from strong parton interactions to W AE bosons in the quark decay modes. This large background makes it very difficult to observe the W AE or Z boson in its decay to quarks. Thus most measurements at hadron colliders are made using the lepton decay modes.
The Electroweak Gauge Bosons
The dominant processes for W AE production at hadron colliders are " u ud ! W À and u " d d ! W þ and " u uu ! Z and " d dd ! Z for Z production. The processes are illustrated in Fig. 2 .
The best modes for observing W AE and Z bosons are the lepton decay modes. The standard model predicts about 10% of all W AE bosons decay into an electron (or positron) and an electron-neutrino, and 10% into a muon and a muonneutrino. Similarly, about 3% of the Z boson are expected to decay into e þ e À and 3% decay into þ À . These leptonic decay modes were used for the observation and for the subsequent precision measurements at hadron colliders.
Discovery of the W
AE and Z bosons The primary goal of the Sp " p pS collider and its experiments was the observation of the W AE and Z bosons.
2) The predictions of these bosons had been made as a consequence of the electroweak theory:
1) W bosons were thought to be responsible for the decay (q ! q 0 e þ e ) and Z bosons were the prime candidate for explaining the observation of neutral currents (q ! 0 q 0 ) at the Gargamelle bubble-chamber experiment in 1973.
3) While in these processes the intermediate vector bosons were exchanged in the t channel, a resonance production in the s-channel could occur in quarkantiquark interactions: q "! W þ and q "! Z. For W AE bosons the experimental strategy was to search for high energy electrons or muons and an imbalance in the total transverse energy, called ''missing E T '' (E = T ), measured in the event. The measurement of E = T was a novel idea at that time, and the UA1 detector was designed to be as hermetic as possible to allow this quantity to be measured as this technique only works if all the transverse energy produced in the collision is detected with high efficiency. In January 1983 the UA1 collaboration published the observation of six W AE ! e AE candidate events, 4) and measured the W AE boson mass to be 81 AE 5 GeV/c 2 in excellent agreement with the prediction [5] [6] [7] of 82:0 AE 2:4 GeV/c 2 . Only a few months later, in June 1983 the UA1 collaboration published the observation of four Z ! e þ e À þ X candidates and one Z ! þ À þ X event, 8) and measured the Z boson mass as 95:2 AE 2:5 GeV/c 2 . For these discoveries Carlo Rubbia and Simon van der Meer were awarded the Nobel Prize in 1984.
Measurement of the W boson mass
Since the neutrino cannot be measured directly and only its transverse momentum can be inferred from the measurement of E = T the W boson mass can not be measured directly as the invariant mass of the lepton and the neutrino. Instead the ''transverse'' mass is used, which is defined as
where p T ð'Þ and p T ð ' Þ are the transverse momenta of the charged lepton and the neutrino respectively and ' is the difference in azimuthal angle between the charged lepton and the neutrino.
In the publication of the observation a first mass measurement was presented at M W ¼ 81 AE 5 GeV based on the six candidates. At the end of the Sp " p pS run in 1990, UA2 presented a measurement 9) of M W ¼ 80:
2 . This measurement used an integrated luminosity of 13 pb À1 . For this precise measurement the ratio of the W boson to the Z boson mass was determined to reduce systematic uncertainties, e.g., on the precision of the lepton energy determination. The W boson mass was then extracted using the precise determination of the Z boson mass at the LEP and SLC e þ e À colliders. [10] [11] [12] [13] [14] In August 1990 the CDF experiment presented the first W AE mass measurement 15) at the Tevatron of M W ¼ 79:91 AE 0:39 GeV/c 2 based on an integrated luminosity of about 4 pb À1 , for the first time improving on the precision of the UA2 experiment. At the end of the Tevatron Run I period, in 1996, a luminosity of about 100 pb À1 was available and CDF and D0 presented measurements with substantially improved precision. The CDF and D0 measurements were combined [16] [17] [18] to yield a Tevatron average of 80:456 AE 0:059 GeV/c 2 . Recently the CDF collaboration has presented a new measurement based on a luminosity of 200 pb À1 of Run II data. This yields the world's single most precise measurement of 80:413 AE 0:048 GeV/c 2 . It is based on a combined fit to the transverse mass and lepton p T distributions in both the electron and the muon decay modes. In the electron decay mode it is based on 63,964 candidate events, and in the muon decay mode on 51,128 events. The transverse mass distributions and the corresponding mass fits are shown in Fig. 3 for electrons and muons. The measurement is most sensitive to the falling edge of the spectrum 76 < m T < 86 GeV/c 2 . This is by far the highest precision measurement made at a hadron collider with the remarkable precision of only 0.059%. A summary of the W mass measurements at hadron and lepton 19) colliders is presented in Fig. 4 . The world average is at present 80:398 AE 0:025 GeV/c 2 . 
SPECIAL TOPICS
It is interesting to review the uncertainties of the Tevatron experiments to judge whether further improvements can be expected in the future. A summary of the dominant systematic uncertainties is given in Table I for the recent CDF measurement for the fit of the transverse mass distribution.
The dominant uncertainty is the statistical precision which will be improved naturally with more data. The second largest uncertainty is the lepton energy scale. This is determined using data from the J= ! þ À , Ç ! þ À , and Z ! þ À decays for the track momentum scale, and by using the ratio of the calorimetric energy measurement to the track momentum measurement for electrons in W ! e decays. They will be improved as more data are collected as their precision is mostly limited by the statistical precision of these samples. Most other uncertainties are derived using the Z ! ' þ ' À samples, in particular the recoil and the p T ðWÞ model will improve with increasing Z sample size. The only systematic uncertainties that can not be improved with increasing statistical precision directly are the parton distribution functions and QED radiation where the analysis relies on external input. With 2 fb À1 of luminosity it is expected that the Tevatron experiments achieves a precision of 20 -30 MeV, depending on whether the uncertainties on the parton distribution functions and the QED radiation can be further reduced.
Other measurements of W and Z boson properties
In addition to the W boson mass a large number of other interesting properties has been measured at hadron colliders. They are shortly summarized here.
The width of the W boson is measured directly and indirectly. It is sensitive to possible decays of the W to other new particles due to contributions from particles beyond the SM. The direct measurement uses also the transverse mass distribution but the width sensitivity arises mostly from the tail of the distribution, 100 < m T < 200 GeV/c 2 . Combining all the results from the Tevatron 20) it is found to be 2078 AE 87 MeV/c 2 in good agreement with the LEP value 21) of 2128 AE 88 MeV/c 2 and the SM prediction 22) of 2092 AE 3 MeV/c 2 . Indirect determinations are also in good agreement with the SM value. 23) In addition the leptonic branching ratios of the W, 23) the coupling of the W and Z bosons to photons, [24] [25] [26] the production of two W or Z bosons, [27] [28] [29] [30] the forwardbackward asymmetry of the Z boson, 31) and several measurements related to the production of W or Z bosons were made.
The quark decay modes are very difficult to detect at hadron colliders since there is a huge background from QCD dijet production that obscures the signal. The quark decay modes were, however, established successfully 32) but are not used to make precision measurements of the W AE and Z boson properties.
In all of these measurement the electroweak theory was confirmed and in many of them the precision is similar to that of lepton colliders.
The Top Quark
In the standard model top quarks are mostly produced in pairs and at the Tevatron q "annihilation contributes about 85% and the remaining 15% arise from gg interactions. The leading order diagrams are shown in Fig. 5 .
The top quark was discovered by the CDF and D0 experiments in 1995. [33] [34] [35] It has a surprisingly large mass of about 175 GeV/c 2 , 40 times larger than the second heaviest quark. Its large mass makes the top quark a critical particle for the electroweak theory as the Higgs boson coupling to particles is stronger the larger the mass of that particle is.
For this mass, the top quark nearly always decays into a b quark and a W boson. The reaction chain is
and in the following we call (1) the ''dilepton'' mode, (2) the ''lepton+jets'' mode, and (3) the ''all-jets'' mode.
Observation of the top quark
In 1995 the CDF and D0 collaborations claimed observation of the top quark. The observation was based on the dilepton and lepton+jets modes. In the lepton+jets mode CDF required an electron or muon from the W decay, large E = T and more than two jets in the final state, and at least one of them should be identified as a b-quark. The b-quark was identified by detecting a secondary vertex due to the b hadron decay since the b hadron has a lifetime of about 1.5 ps À1 and flies about 460 mm before it decays. This decay could be resolved by the new CDF silicon microstrip detector. CDF observed 27 b-tags based on the secondary vertex algorithm for events with three or more jets compared to a background of 6:7 AE 2:1 tags. In addition CDF used another algorithm to tag b-quarks exploiting the semileptonic decay rates of b hadrons: in this analysis 23 tags were found compared to a background of 15:4 AE 2:0. In the dilepton mode 6 events were observed with a background of 1:3 AE 0:3 events. Combining the excess in each of the analyses an excess of 4:8 compared to the SM background prediction was found.
The D0 experiment was not equipped with a silicon microstrip detector: the observation at D0 was based on the dilepton mode, on the semi-leptonic b-hadron decay tagging, and on the sum of the transverse energies of all jets in lepton+jets events. In total 17 events were observed compared to a background estimate of 3:8 AE 0:6 events, corresponding to an excess with a significance of 4:6.
Both experiment found the events to be consistent with coming from a top quark, and presented measurements of the top quark mass of 176 AE 13 GeV/c 2 (CDF) and 199 AE 30 GeV/c 2 (D0). These direct measurements were in excellent agreement with the prediction using electroweak precision observables at lepton colliders 36) of 150 -210 GeV/c 2 depending on the mass of the Higgs boson. The analysis techniques used for the observation of the top quark are still used in similar form today by the Tevatron experiments. After an upgrade between 1996 and 2001 the D0 collaboration also inserted a silicon microstrip detector and uses this now for identifying top quarks in Run II.
Precision measurements of the top quark mass
The top quark mass has been measured in each of the signatures, i.e., the dilepton, the lepton+jets, and the all-jets mode. The main challenges of the measurement are assigning the final state particles that originate from the same top quark correctly, understanding the background and controlling the systematic uncertainties, in particular on the jet energy measurement.
The highest precision measurements are achieved in the lepton+jets mode as in this sample the background is relatively small (about 20% when requiring a b-quark tag), the samples are relatively large and nearly all final state particles can be measured. In the dilepton mode there are two neutrinos escaping which complicates the analysis, and the sample is relatively smaller due to the small branching ratio of the W AE to leptons. The all-jets samples is large but the large background due to QCD multi-jet production complicates measurements in this decay mode. Therefore I will focus on describing the lepton+jets measurement in this article.
In the lepton+jets mode the four-momenta of the two b-jets, the two other jets and the lepton and p x and p y component of the neutrino are measured. The two unknown variables thus are the longitudinal momentum of the neutrino and the mass of the top quark. In addition there are three constraints in each event:
. the lepton-neutrino invariant mass must equal the W AE boson mass . the invariant mass of the non-b-quark jets must equal the W AE boson mass . the invariant mass of the decay products of the top must be the same as that of the anti-top Since there are three constraints but only two unknowns the system is constrained well enough to measure the mass of the top quark. In fact since it is over-constrained it is even possible to fit for the jet energy scale as an additional free parameter. This has an advantage since the jet energy scale is difficult to constrain with high precision a priori to a precision better than 3%. The reason is that jets are complicated objects, and in particular the hadronization of a parton to a jet is only understood by phenomenological models based on data but there are no strict theoretical calculations one could rely on. By fitting for the jet energy scale inside the top sample itself the uncertainty becomes statistical and can improve with increasing data samples naturally. It results therefore in a higher precision of the measurement. 
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The current single best measurement was made by the CDF collaboration 38) and used a technique called ''matrixelement'' method. For each event a probability distribution as function of top quark mass and jet energy scale is calculated, and the final measurement of the top mass is made by forming a likelihood as a product of the single event probabilities. 39) The likelihood is shown in Fig. 6 as function of the top quark mass and the jet energy scale. The measurement yields m top ¼ 170:9 AE 2:2(stat.) AE 1:4(syst.) GeV/c 2 where the jet energy scale uncertainty is part of the statistical error and the dominant systematic uncertainties arise from the modeling of QCD radiation, and residual uncertainties on the jet energy scale.
The top quark mass was additionally measured in the other decay channels 38, [40] [41] [42] by both CDF and D0 experiments using Run I and Run II data, and all measurements are found to agree well with each other as is seen in Fig. 7 . They are thus combined 43) to give the world average top mass of m top ¼ 171:4 AE 2:1 GeV/c 2 , corresponding to a precision of 1.2%.
Other top quark measurements
A large number of other measurements related to the top quark have also been made and found to all be consistent with the SM predictions, e.g., measurements of the top quark production cross section, [44] [45] [46] [47] [48] of the charge of the top quark, 49) the helicity of the W boson in top quark decays [50] [51] [52] [53] and the branching ratio 54) t ! Wb have been made. All of them confirmed the SM predictions and no deviation from the expectations have yet been seen.
Recently a first sign of the single top quark production process that proceeds via the electroweak interaction has been claimed. 55, 57) The results are consistent with the SM expectation 56) but the precision is rather limited, and more data are required to claim conclusive observation of single top production and to test its agreement with the SM prediction with better precision.
The Higgs Boson
The Higgs Boson is often called the ''holy grail'' of the electroweak sector of the standard model as it plays the critical role of generating the masses of the other SM particles through the mechanism known as electroweak symmetry breaking. It is the only SM particle that has not yet been observed experimentally, and finding it is a major goal of the Tevatron and of the large hadron collider (LHC) experiments at CERN that will start operating end of 2007. The best experimental bounds so far have been set by the LEP experiments that exclude masses below 114.4 GeV/c 2 at 95% confidence level (CL).
58)

Indirect constraints on the Higgs boson mass
Within the context of the standard model the precision measurements of the W bosons and top quark mass can be used to constrain the Higgs boson mass via radiative corrections. The W boson mass is given by
where is the fine structure constant, G F the Fermi constant, W the Weinberg angle, and Ár is a term that contains the radiative corrections. This terms Ár is proportional to m 2 top and to lnðM H Þ. Example diagrams that introduce this dependence are shown in Fig. 8 .
The W boson mass is shown versus the top quark mass in Fig. 9 . Shown are the direct measurements from the Tevatron and LEP2 colliders, the indirect constraints from LEP1 experiments and SLD and lines of constant Higgs boson mass. The direct and indirect measurements are in good agreement. The direct measurements, however, indicate a rather low Higgs boson mass which is already experimentally excluded by LEP2. The most probable value is determined as M H ¼ 80 
Direct searches for the Higgs boson
In p " p p collisions at the Tevatron Higgs bosons are predominantly produced via gg fusion: this cross section is about 1 pb at M H ¼ 120 GeV/c 2 , and falls to 0.4 pb at 160 GeV/c 2 . The subdominant production process is Higgsradiation off a W or Z boson, and the cross sections are 0.15 and 0.09 pb for WH and ZH production respectively for M H ¼ 120 GeV. The Feynman diagrams for these processes are shown in Fig. 10 . This can be compared to, e.g., the t " t t production cross section of 7 pb or the W production cross section of about 2.7 nb. The main difficulty in the Higgs boson search arises from the very small signal yield, compared to the significant backgrounds that are present. At low mass, M H < 135 GeV/c 2 , the dominant decay mode of the Higgs is to a b " b b pair. This decay mode cannot be detected in the gg ! H channel due to a large background from QCD b " b b production. Thus at low mass the most sensitive analyses use the WH and ZH production modes in the leptonic decay channels of the W and the Z. The three most sensitive analyses are
The invariant mass of the two b-jets is expected to peak at the H boson mass, and this is exploited to discriminate WH production from the dominant backgrounds, Wb " b b=c " c c, and t " t t production. The invariant mass distribution of the two b-jets is shown for the WH analysis in Fig. 11 . A review of all low mass Higgs searches is given in ref. 59 . At larger masses, M H > 135 GeV/c 2 , the Higgs boson decays predominantly to W þ W À . The standard model background arises mostly from the relatively low cross section SM WW production process and this analysis can make use of the large gg ! H production cross section. The analysis has been performed requiring both W's to decay to leptons: the analysis channels are WW ! e e e e , WW ! e, WW ! . Large E = T is required to indicate the presence of neutrinos. To discriminate the signal from the SM background a large number of selection cuts is made. 60, 61) The final discriminant is shown in Fig. 12 for the D0 analysis of p "
: it is the difference in azimuthal angle between the two leptons. Since the Higgs is a scalar particle and due to helicity conservation the two leptons are typically relatively close to each other, while for the backgrounds the lepton angles are less correlated.
Presently the Tevatron Higgs analyses are not sensitive to the predicted SM rate of Higgs production. Even when combining 60) all the analyses from both CDF and D0 there is no sensitivity yet to SM Higgs production. This is seen in Fig. 13 where the ratio of the experimental cross section limit at 95% CL divided by the SM cross section is shown. At low M H ¼ 115 GeV/c 2 the observed limit is a factor of 10 larger than the SM prediction, and at M H ¼ 160 GeV/c 2 it is a factor 4 above the SM prediction.
The Tevatron will increase the integrated luminosity by about a factor 10 compared to this result. That will improve the limits by about a factor 3 if the analyses are kept unchanged which is still not sufficient to be sensitive to SM Higgs production. Thus the experiments are working on further improving the analyses and hope to gain another factor of 3 by making experimental improvements, e.g., increasing the b-jet identification efficiency, improving the acceptance for leptons, improving the Higgs mass resolution and using advanced analyses techniques (e.g., neural networks) to gain additional discrimination power. If this is achieved it could be possible for the Tevatron to see a first glimpse of the Higgs boson. However, ultimately it is expected that the experiments at the LHC will for sure either detect a Higgs boson or exclude its existence at all masses. It is expected that by 2010 a Higgs boson is either found or excluded. The discovery of the Higgs boson would be yet another amazing triumph of the electroweak theory.
Conclusions and Outlook
The Sp " p pS and Tevatron p " p p colliders have been critical in establishing the theory for electroweak interactions, and in testing it at high precision. Highlights are the observation of W and Z bosons at the Sp " p pS, the observation of the top quark at the Tevatron, and the subsequent precision measurements of 0.06% accuracy for the W boson and 1.2% accuracy for the top quark. So far the electroweak theory has withstood all these experimental tests but just now we may start to face an interesting situation where there is a slight tension between the indirect determination of the Higgs boson mass and the direct limits.
The Tevatron collider experiments are still in progress and are expected to improve the top quark and W mass precision by about a factor of two in accuracy. Further improvements of these precision measurements are expected by the experiments at the Large Hadron Collider starting in 2008. It is possible that the Tevatron will see a first hint for a Higgs boson in the coming years, but ultimately the LHC collider will be required to observe the Higgs boson conclusively and to measure its properties. These measurements will further challenge the electroweak sector of the standard model, and it remains to be seen whether the electroweak theory will continue to be so successful or whether it will break down, indicating presence of new particles and new laws of nature that yet need to be discovered. 
